Rapid population growth and severe drought are impacting water availability for all sectors (agriculture, energy, municipal, industry…), particularly in arid regions. New generation decision support tools, incorporating recent advances in informatics and geographic information systems (GIS), are essential for responsible water planning at the basin scale. The ZeroNet water-energy initiative is developing a decision support system (DSS) for the San Juan River Basin, with a focus on drought planning and economic analysis. The ZeroNet DSS provides a computing environment (cyberinfrastructure) with three major components: Watershed Tools, a Quick Scenario Tool, and a Knowledge Base. The Watershed Tools, based in the Watershed Analysis Risk Management Framework (WARMF), provides capabilities 1) to model surface flows, both the natural and controlled, as well as water withdrawals, via an engineering module, and 2) to analyze and visualize results via a stakeholder module. A new ZeroNet module for WARMF enables iterative modeling and production of "what if" scenario libraries to examine consequences of changes in climate, landuse, and water allocation. The Quick Scenario Tool uses system dynamics modeling for rapid analysis and visualization for a variety of uses, including drought planning, economic analysis, evaluation of management alternatives, and risk assessment. The Knowledge Base serves simultaneously as the "faithful scribe" to organize and archive data in easily accessible digital libraries, and as the "universal translator" to share data from diverse sources and for diverse uses. All of the decision tools depend upon GIS capabilities for data/model integration, map-based analysis, and advanced visualization. The ZeroNet DSS offers stakeholders an effective means to address complex water problems.
What is the ZeroNet Water-Energy Initiative?
The ZeroNet Water-Energy Initiative (http://zeronet.lanl.gov) addresses critical scientific challenges in understanding and planning for future water needs, with an initial focus in the San Juan Basin. The need for responsible water planning has been highlighted by the recent severe drought, during which freshwater surface flows have reached historical lows, and by concerns that such climatic extremes may be increasing in frequency and intensity due to global climate change (IPCC 2001) . Herein we examine the ZeroNet Decision Support System (DSS), which includes three main components: an integrated set of watershed tools, a quick scenario tool, and a knowledge base. A DSS comprises much needed cyberinfrastructure, the computing environment for access to water management information, models, problem solving capabilities, and communication (Denshaw 1991 , Heywood 1998 , Goodchild and Rich 2005 . We describe the capabilities of the ZeroNet DSS and provide initial results that demonstrate the utility for modeling freshwater surface flows and evaluating alternative management scenarios.
The ZeroNet Water-Energy Initiative seeks to meet new power generation needs with zero net new freshwater withdrawals by 2010. The ZeroNet initiative has three primary goals:
• reduce overall freshwater use in power generation cooling processes;
• augment freshwater with degraded and saline water for power generation cooling;
• use the best available data, models, and analysis tools to plan for responsible water management.
The ZeroNet partnership was initiated by Los Alamos National Laboratory (LANL), the Electric Power Research Institute (EPRI), and the Public Service Company of New Mexico (PNM), New Mexico's largest electricity and natural gas provider. The public-private partnership provides a unique opportunity to develop and test science and technology innovations at power generation facilities. Recently, the partnership has grown to include the University of New Mexico (UNM), Sandia National Laboratories (SNL), the Department of Energy National Energy Technology Laboratory (DOE NETL), and we are working to expand the initiative to include a broader range of industry and science partners.
ZeroNet stakeholders are diverse, and include local, state, and federal government agencies, industry, Native American tribes, irrigation districts, and private individuals. Stakeholders can use the ZeroNet DSS to understand the functioning of the San Juan River Basin, how new technologies and use of degraded water for power plant cooling affects freshwater availability, and how to formulate and evaluate management options for water shortage sharing schemes under drought conditions. The scientific information about various management options are presented in a logical and easy to understand manner so that the stakeholders can make informed decisions.
What is the ZeroNet Decision Support System (DSS)?
ZeroNet DSS is designed to provide tools that synthesize critical water supply and demand information and assist water owners and managers with planning for shortages. The ZeroNet DSS can answer critical management questions in a scientific and economic context. For example: Can new technology help to avert impending water shortages? How will changing climate (drought, warmer temperatures…) affect freshwater supply? How will watershed modification (vegetation, land use, fire…) affect freshwater supply? Can coordination and cooperation among water users (shortage sharing, conservation, water markets…) avert critical freshwater shortages?
The ZeroNet DSS has three major components: Watershed Tools, a Quick Scenario Tool (QST), and a Knowledge Base (Figure 1 ), based on foundations of stakeholder input, watershed data, and geographic information system (GIS) capabilities. All of the DSS tools are being made available without charge to stakeholders as stand-alone programs that run on personal computers under Microsoft Windows™. The DSS user interfaces are designed for ease of use, and users can conveniently examine underlying assumptions, data, and their own scenarios. 
Watershed Tools (WARMF)
The Watershed Analysis Risk Management Framework (WARMF) watershed tools calculate surface and subsurface flows, as well as water quality , Keller 2000 , 2001 (Figure 2 ). WARMF has been applied to over fifteen watersheds in the United States and internationally. In addition to simulating flow, WARMF simulates water quality constituents including temperature, total suspended solids, coliform bacteria, biochemical oxygen demand (BOD), dissolved oxygen (DO), nutrients (phosphorus and nitrogen), chlorophyll, and others. WARMF was originally designed to support modeling and planning for total maximum daily loads (TMDLs), the amount of a particular pollutant that a particular stream, lake, estuary or other water body can handle without violating state water quality standards. Design: WARMF currently consists of five integrated modules (Engineering, Consensus, TMDL, Data, and Knowledge). WARMF has two main components, the simulator which is written in FORTRAN and the graphical user interface (GUI) which is written in C++. The GUI provides a mechanism to view input and output in dialogs, tables, and graphs. The simulator contains all of the algorithms and calculations used to run model simulations. Enhancements of WARMF in support of the ZeroNet initiative include iterative modeling and production of "what if" scenario libraries to examine consequences of changes in climate, landuse, and water allocation. This is being accomplished by development of a ZeroNet module, a Batch Scenario Tool, and improvements to the Engineering and Knowledge modules. Although the Consensus and Data modules of WARMF will be used during the WARMF application to the San Juan basin, no modifications to these modules are planned.
Engineering Module: At the heart of WARMF is the Engineering module that contains a dynamic watershed simulation model that calculates daily surface runoff, ground water flow, non-point source loads, hydrology, and water quality of river segments and stratified reservoirs. In WARMF, a watershed is divided into a network of land catchments, river segments, and reservoir layers. Land catchments are further divided into land surface and soil layers. These watershed compartments are seamlessly connected for hydrologic and water quality simulations. The land surface is characterized by its land uses and cover, which may include forested areas, agricultural lands, or urbanized cities. Daily precipitation, which includes rain and snow, is deposited on the land catchments. WARMF performs daily simulations of snow and soil hydrology to calculate surface runoff and groundwater accretion to river segments. The water is then routed from one river segment to the next downstream river segment until it reaches the watershed terminus. Associated point and nonpoint loads are also routed through the system. Heat budget and mass balance calculations are performed to calculate the temperature and concentrations of various water quality constituents in each soil layer, river segment, and lake layer.
ZeroNet Module:
The new ZeroNet module for WARMF (Figure 3) is being developed to provide stakeholder access to set up simulations, view results, and export results to the ZeroNet Knowledge Base. The module guides users through a series of six steps to run simulations and view model output. First, the user sets up the scenario to simulate. Users can either run a single scenario or a batch of scenarios. Second, the user specifies the goals of an alternative, both as a "designated use" (e.g., fish habitat) and as "criteria" meet (e.g., minimum flow), with provision to interactively choose where this applies via a GIS map. Third, the user specifies management modifications to flows in a spreadsheet. Fourth, the user launches the simulation. Fifth, the user views the results in terms of hydrographs and GIS maps (e.g. green for meeting flow targets, red when violating targets). And sixth, the user exports the results. 
Recovery Drought
Batch Scenario Tool: The Batch Scenario Tool is being developed to enable a user to run multiple simulations in a single step (Table 1 ). The purpose of running multiple scenarios is to build scenario libraries for use via the QST. The QST uses WARMF output to examine the responses to factors such as meteorology, managed flow, and point source control. 
ZeroNet Quick Scenario Tool (QST)
The QST provides convenient means to ask "what if" questions, and thus represents an important tool for learning about watershed processes and making water management decisions (Figure 4 ). Initial implementation of the QST focuses on the ability to analyze scenarios based on assumptions concerning climate and water supply, reservoir balance, and surface water diversion. The QST is based in the VenSim™ system dynamics software, which enables higher level integration of models, and linking of processes based on stocks, flows, and feedbacks (positive and negative) that reproduces, as accurately as possible, the interactions between the natural hydrologic system and human economic demands on the hydrologic system. A hallmark of the QST is the ability to dynamically vary values of a single input variable (such as precipitation, or amount of water diverted) using "sliders", and to visualize the consequences in terms such as water supply or cost. QST Capabilities: The initial prototype QST is being developed to enable examination of either historical or hypothetical scenarios based on five sets of user controlled input variables for the San Juan basin:
• Water supply and climate: to explore influences of natural surface flow levels and climate variables (precipitation and temperature); • Reservoir balance: to explore water storage in the Navajo Reservoir, based on inflows, diversions, and release rates; • Diversion levels: to explore influences of diversions on supply.
• Energy water use: to explore economic impacts on energy production (typically cost of water or revenues).
• Municipal water use: to explore economic impacts on municipalities, based on management practices and population growth.
• Agricultural water use: to explore economic impacts on agriculture, measured as the value of lost crop production.
Scenario Libraries:
Often it is not practical to perform simulations in real time. By pre-calculating series of scenarios and storing them in scenarios libraries, it becomes practical to examine a broad range of scenarios in near real time. Within limits, additional scenarios can be calculated from the scenario by intelligent interpolation and extrapolation.
ZeroNet Knowledge Base
The ZeroNet Knowledge Base is the "centerpiece" of the ZeroNet DSS ( Figure 5 ). 
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The Knowledge Base serves simultaneously as the "faithful scribe" to organize and archive, as the "universal translator" to share data from diverse sources and for diverse uses, and as the "friendly traffic controller" to direct data flow and ensure access. The Knowledge Base has three main components: a data warehouse, a model warehouse, and gateway tools.
Data-Model Integration:
An important function of the ZeroNet Knowledge Base is integration of diverse data, models, and model output from diverse sources. The Knowledge Base provides "loose coupling", in that it provides the means for data sharing among widely distributed data sources, diverse models (WARMF, QST…), and applications with different data formats.
Data Warehouse: A data warehouse archives, manages, and provides access to data . In the case of ZeroNet, the model warehouse comprises databases that constitute the San Juan Data Library. These data include meteorological records (precipitation, temperature…), hydrological records (flows, reservoir levels...), diversions (actual, rights…), and economics (technology costs, water market values…). Because these data are scattered and often difficult to find, compilation of key data in one location represents a resource of value to a broad set of stakeholders. At present the data reside in a variety of different formats, including WARMF-specific data files and Excel spreadsheets. We are working to migrate key data into Microsoft Access™ tables, and eventually plan to migrate the San Juan data library to an enterprise Oracle™ database.
Model Warehouse:
The concept of a model warehouse is similar to that of a data warehouse, but pertains to models, model parameters, and scenario libraries. Management of the model warehouse requires standardized documentation of models and model outputs (model metadata). The San Juan Scenario Library will store simulations concerning climate (drought, increased temperature…), watershed modification (fire…), coordination/cooperation (shortage sharing, conservation…), economics (projected costs, market behavior…), and resulting water supply (flows, reservoir levels, shortages…).
Gateway Tools: Gateway tools perform three roles for use of the ZeroNet Knowledge Base: import, export, and search. Our effort is currently focused on import from the San Juan data library to WARMF and the QST, export from WARMF and the QST, and search using queries on metadata.
Initial Results
An initial step in calibration and validation of the hydrological models for the San Juan Basin involves matching observed values and WARMF simulations in hydrographs that depict flow rates through time ( Figure 6 ). WARMF is able to match historical values with a high degree of reliability under diverse climatic conditions. five years have typical precipitation, then a recovery to near pre-drought levels is expected. 
Conclusion
The ZeroNet DSS, with foundations in GIS and stakeholder input, provides a general framework for decision support applied to basin level modeling and management. The design consists of three elements: a comprehensive set of watershed tools, a quick scenario tool, and integration via a basin-specific knowledge base. Strengths include sound physics-based models of hydrology, integration of diverse data and models, incorporation of economics, and user-friendly access on PC platforms. Further work, both empirical and theoretical, is needed to validate the models and to assess relative advantages of the use of scenario libraries versus real-time calculations. In the face of growing concern over climate change, limited water resources, and competing demands, such integrative DSS tools can enable better understanding of complex interconnected systems, and enable better decisions. 
